INTRODUCTION
Obstructive sleep apnea (OSA) is a sleep-related breathing disorder characterized by repetitive obstructions of the upper airway during sleep. [1] [2] [3] During sleep the muscle tone of the upper airway decreases and the airway trembles or collapses. OSA can be diagnosed when patients have five or more partial obstructions (hypopneas) and/or complete obstructions (apneas) of the upper airway per hour of sleep. The number of apneas and hypopneas per hour of sleep are quantified by the apnea-hypopnea index (AHI). [3] [4] [5] [6] OSA is a sleep-related breathing disorder associated with excessive daytime sleepiness and an increased risk of cardiovascular disease that usually requires a lifelong treatment. [7] [8] [9] [10] The precise treatment of OSA depends on the severity of symptoms and disease, and the patient's anatomical characteristics and health status. 11 There are several treatment options for OSA, including lifestyle changes, continuous positive airway pressure (CPAP), a mandibular advancement device (MAD), and upper airway surgery. 12 CPAP is generally applied through a nasal mask. As a result of this positive pressure, the upper airway is pneumatically splinted and obstructed breathing events are prevented. [13] [14] [15] CPAP is usually very effective in reducing the number of apneas, but may be complicated by suboptimal acceptance and adherence in a relatively high proportion of patients. 8, [16] [17] [18] A MAD is possibly a more patient friendly alternative to CPAP, especially in patients with mild to moderate disease. In order to prevent upper airway obstructions, a MAD is designed to advance the mandible in a more forward position. A MAD improves upper airway patency by pulling the tongue base, epiglottis and soft palate forward. In addition, MAD therapy has been shown to stimulate the musculature of the palate, tongue base and pharynx, resulting in a decreased upper airway resistance. 19, 20 Acceptance of and therapeutic outcome with a MAD is favorable in many patients, especially in the treatment of mild to moderate OSA. 6, 8, [21] [22] [23] However, mild and transient side effects have been reported in the initial period of therapy. These may include tooth pain, myofascial pain, temporomandibular joint pain, excessive salivation or a dry mouth, and gum irritation. 21, [24] [25] [26] [27] [28] Long-term MAD use is associated with changes in craniofacial morphology 26, 27 as well as changes in dental occlusion, including a reduction in overjet, overbite, and the number of occlusal contact points. 20, 21, 25, 27, 29, 30 The amount of mandibular protrusion with the MAD has been positively correlated with its efficacy. 8, 31, 32 However, the more the mandible is positioned anteriorly, the more likely that (dental) side effects will occur. 8, 33, 34 The current study focuses on the effects of MAD and CPAP therapy on dental occlusion. To date it is unknown to what extent different types of MADs cause adverse changes in dental occlusion and how these changes relate to the effects of CPAP therapy on dental occlusion. The objective of the current study is to evaluate the changes in dental occlusion from a bilateral thrust and anterior traction MAD and to compare these outcomes with the dental effects of CPAP therapy.
O R I G I N A L A R T I C L E S

METHODS
Patient Selection
In a previous randomized controlled trial, Doff et al. evaluated the dental side effects of MAD therapy and compared them with CPAP therapy after a 2-year treatment period. 29 The CPAP system evaluated in this study applied pressure via a nasal mask. 29 The MAD evaluated in this study was the Thornton Adjustable Positioner (TAP) (Airway Management Inc., Dallas, Texas, United States), an anterior traction MAD. 29 In the current study the results from this previous study were compared with a third patient group that was retrospectively recruited and used a different type of MAD. The MAD evaluated for this purpose was the SomnoDent appliance (SomnoDent, Somnomed AG, Australia), a bilateral thrust MAD. The TAP (Figure 1 ) and SomnoDent (Figure 2 ) appliance differ in the way in which the mandible is protruded. With the TAP this is accomplished by a fixed screw in the front of the appliance, whereas with the SomnoDent this is accomplished with two screw mechanisms in the molar region of the appliance.
Patients in the SomnoDent group were recruited through the Department of Oral and Maxillofacial Surgery of the University Medical Center Groningen -The Netherlands and from the Department of Oral and Maxillofacial Surgery of the Tjongerschans Hospital Heerenveen -The Netherlands. In accordance with the American Academy of Sleep Medicine recommendation, OSA was defined by an AHI higher than 5 and subjective complaints. 10 In addition, patients were eligible when aged 20 years or older and when they had used a SomnoDent appliance for a 2-to 3-year period for at least 5 nights/wk and 5 h/night. Patients were excluded when they had previous treatment for their OSA (eg, CPAP or upper airway surgery). The number of patients who met the required follow-up time was 164. All these patients were checked for the remaining inclusion criteria and invited for participation in this current study. Due to mismatching the inclusion criteria or not responding to the invitation, eventually 31 patients were recruited in the SomnoDent group. The patients in the TAP group (n = 29) and CPAP group (n = 34) from the study by Doff et al. were recruited through the Department of Home Mechanical Ventilation of the University Medical Center Groningen -the Netherlands. 29 The two treatment modalities in this study were randomly assigned and followed for a 2-year treatment period. Inclusion and exclusion criteria were similar for all three treatment groups. 29 All patients using an oral appliance in the current study had been treated by the same clinician.
Study Design
At baseline all patients had been subjected to a polysomnographic evaluation. The data in the SomnoDent group were longitudinally and retrospectively obtained. The data in the TAP and CPAP group were longitudinally and prospectively obtained.
The degree of protrusion in both MAD groups at baseline was set at 50% to 70% of the patient's maximum protrusion. Patients using the SomnoDent could change the degree of protrusion by means of two propulsion screws in the (pre) molar region in the upper part of the appliance. Patients using the TAP could adjust mandibular protrusion by means of a screw mechanism incorporated in the anterior part of the upper appliance. If patients still experienced subjective OSA complaints, they were instructed to advance the mandible. Patients were instructed to advance their mandible until symptoms abated or until further protrusion of the mandible resulted in discomfort while wearing the appliance. After an 8-week habituation and adjustment period in all three treatment groups a polysomnographic evaluation study was performed to evaluate treatment efficacy. If this study showed a residual OSA, treatment was further adjusted if possible. Subsequently, after a 4-week period, another polysomnographic evaluation was performed.
Treatment was considered successful if AHI was less than 5 or showed a 50% reduction from the baseline value to a value less than 20 in a patient who had no symptoms while using the therapy. If treatment was not successful an alternative therapy was offered.
29
Study Model Analysis
At baseline and after a 2-to 3-year treatment period, alginate impressions of the upper and lower dental arches were obtained from each patient. Also, a bite registration in maximum occlusion was obtained by using a vinyl polysiloxane registration material (Exabyte II NDS, GC America Inc, Alsip, Illinois, United States). From these impressions, dental plaster cast study models (GC FUJIROCK EP, GC America Inc, Alsip, Illinois, United States) were made that were set into maximum occlusion in an articulator (Artex, Girrlach Dental, Koblach, Germany) with bilateral sagittal condylar inclination of 32.5 and Bennett angle of 17.5. Measurements on the plaster casts were performed using a digital sliding caliper with a 0.01-mm resolution. The degree of mandibular protrusion in which the MAD was set was measured with the digital sliding caliper when the MAD was fixed in the patient's mouth. Subsequently, the percentage of mandibular protrusion in which the appliance was set was calculated. All measurements were done twice by the same observer. For continuous variables the mean of both measurements was used for further analysis. When models were damaged or if there were not enough teeth for adequate classification, the variable was listed as indefinable. 29 Occlusal contact points were determined by using vinyl polysiloxane registration material (Exabite II NDSTM, GC America Inc, Alsip, Illinois, United States) directly on the cast models in maximum occlusion. Biting force or the size of the contact points were not recorded. The number of occlusal contact points was obtained from the maxillary model in both the cuspid-incisor region and in the (pre)molar region. 29 Anterior overjet and overbite were measured at both maxillary central incisors, the mean of both was used for further calculations. Anterior overjet was defined as the horizontal distance from the labial plane of the lower central incisor to the mesial end of the incisal edge of the upper central incisor. Anterior overbite was measured as the vertical distance from the incisal edge of the lower central incisor to the incisal edge of the upper central incisor. The difference between the pretreatment and posttreatment overjet and overbite was called delta overjet and overbite. Negative values for delta overjet were defined as a mesial shift of the occlusion, and positive values were defined as a distal shift of the of the occlusion. 29 Anterior-posterior movement was measured by evaluating the changes in distance between the buccal groove of the mandibular and the maxillary first molars (pretherapeutic values minus posttherapeutic values). Negative values were related to a mesial shift of the occlusion and positive values to a distal shift. If first molars were missing, secondary molars were used. 29 The Angle classification of malocclusion was used to classify molar and cuspid occlusion and was recorded as Class I/ neutro-occlusion, Class II/disto-occlusion, or Class III/mesioocclusion. 35 Angle classification was classified as unchanged or changed. The classification was determined at baseline and follow-up at the right and left first molar and cuspid position. When cuspid or molar teeth were missing or damaged, the patient was listed as indefinable. The change of the Angle classification was defined as favorable if it changed toward a neutro-occlusion. 29 Maxillary and mandibular teeth in the (pre)molar region were used to determine the transversal relation. This relation was determined as normal, end-to-end or crossbite. If the transversal relation had changed at one or more teeth at the (pre)molar region, this was recorded. 29 Crowding was visually defined as "increased," "decreased" or "no change" in space in the alveolar arch. Evaluation of diastemas was performed and classified as "unchanged," "increased" or "decreased." If teeth were extracted during the follow-up period, they were not counted as interproximal spaces. Dummies were not counted as present permanent teeth, but were included in all analyses. 29 A skilled and trained professional performed all measurements. Measurements were all performed three times by the same observer who was blinded for the patient's treatment. The mean of the second and third measurement was used for further analysis.
Statistical Analysis
The Statistical Package for the Social Sciences (SPSS Statistics version 22; IBM Corp., Armonk, New York, United States) was used to perform the analyses. A 95% confidence interval and the level of significance α was set at 0.05. The changes in dental occlusion in the SomnoDent group were compared with results from the TAP and CPAP group from the study by Doff et al. 29 To compare pretreatment and posttreatment variables, paired Student t tests were performed. To compare variables between the three intervention groups, an analysis of variance was done. For comparison of variables that were not normally distributed the Mann-Whitney U test and the Kruskal-Wallis test was used. For categorical variables within and between the three groups, chi-square tests were performed. Finally, linear regression analysis, the Pearson and Spearman correlation test, was used to determine confounders, the relationship between possible dental side effects, and other therapy-or patientrelated variables during the follow-up.
This study was approved by the appropriate ethics committee and has been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. All persons have given their written informed consent prior to inclusion in this study.
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RESULTS
Patient Characteristics
A total of 31 patients were included in the SomnoDent group. In the study by Doff et al. 29 patients were included in the TAP group and 34 patients in the CPAP group. 29 The mean ± standard deviation follow-up period in the SomnoDent group was 2.5 ± 0.3 years (range 2.0 to 3.3), in the TAP group 2.3 ± 0.2 years (range 2.1 to 3.1) and in the CPAP group 2.4 ± 0.3 years (range 2.1 to 3.2). The mean follow-up time was not significantly different between the three groups. 29 The mean degree of protrusion in de SomnoDent group was 76.7% ± 11.2% (n = 21) and in the TAP group 79.3% ± 19.3% (n = 29). The mean degree of protrusion was not significantly different between the two groups.
In the SomnoDent group the variables baseline AHI, body mass index, nights/wk use and the number of occlusal (pre) molar contact points at baseline, were not normally distributed. A significant difference was observed in body mass index between the SomnoDent (30.3 ± 5.6) and CPAP group (33.7 ± 5.7) (P < .01) ( Table 1) . Also, a significant difference was observed in baseline AHI between the SomnoDent (17.5 ± 13.2) and TAP group (35.6 ± 22.3) (P < .01), and between the SomnoDent and CPAP group (44.2 ± 5.7) (P < .01) 29 ( Table 1) . Finally, a significant difference was observed in AHI after 2 to 3 months of treatment between the SomnoDent (6.9 ± 5.9) and TAP group (2.9 ± 3.7) (P < .01), and between the SomnoDent and CPAP group (2.1 ± 4.0) (P < .01) ( Table 1) .
Study Model Analysis
When evaluating the number of occlusal contact points, a significant decrease was observed in the (pre)molar region from baseline to follow-up in all three treatment groups ( Table 1) . A significant reduction in overbite was observed when the treatment groups were compared. A significant difference was observed between the SomnoDent (−0.6 ± 0.5) and TAP group (−1.2 ± 1.1) (P = .01), between the SomnoDent and CPAP group (−0.1 ± 0.6) (P = .02), and between the TAP and CPAP group (P < .01). With respect to the decrease in overjet, a significant difference was observed between the SomnoDent (−0.6 ± 0.7) and TAP group (−1.5 ± 1.5) (P < .01) and between the TAP and CPAP group (−0.2 ± 0.7) (P < .01) ( Table 1 ). The anteriorposterior movement was significantly different between the SomnoDent (−0.5 ± 0.6) and TAP group (−1.3 ± 1.5) (P < .01), and between the TAP and CPAP group (−0.1 ± 0.6) (P < .01) ( Table 1) .
No significant association was observed between the amount of mandibular protrusion and the change in overbite and overjet in the SomnoDent group. In the TAP group; however, a significant correlation was observed between the change in overbite and the amount of mandibular protrusion (β = −0.02; 95% confidence interval −0.04 to 0.00) ( Table 1) .
When evaluating cuspid and molar occlusion, it was observed that in most patients occlusion did not change. In addition, no significant differences were found between the three groups. When evaluating the direction of the occlusal shift, in most cases a mesial direct movement of mandibular teeth was observed ( Table 2) .
In both MAD groups no differences were observed in crowding of the upper and lower dental arches. In the CPAP group crowding in the upper arch decreased in 1 patient and in both arches in another patient, whereas crowding in the lower arch increased in a third patient. In the SomnoDent group, a decrease in interproximal space in the upper arch was observed in 1 patient (3%) and an increase in interproximal space in the upper arch was observed in 2 patients (6%). A decrease in interproximal space in the lower arch was observed in 3 patients (9%). In the TAP group, a decrease in interproximal space in the upper arch was observed in 2 patients (7%), and an increase in interproximal space in the upper arch was observed in 2 patients (7%). An increase in interproximal space in the lower arch was observed in 7 patients (23%). In the CPAP group, an increase in interproximal space in the upper arch was observed in 1 patient (3%), and an increase in interproximal space in the lower arch was observed in 4 patients (12%).
DISCUSSION
In this study we compared long-term side effects on dental occlusion between different treatment modalities in patients with OSA. We observed that CPAP and both MADs resulted in significant dental changes with long-term use. However, the changes in overjet and anterior-posterior movement in the SomnoDent and CPAP group were less pronounced than the changes observed in the TAP group.
When evaluating baseline characteristics, a distinct difference is observed in the AHI between the different treatment groups. Because Doff et al. 29 also included patients with more severe OSA, a significant difference was observed between the SomnoDent (17.5 ± 13.2) and TAP group (35.6 ± 22.3) and between the SomnoDent and CPAP group (44.2 ± 5.7), respectively. These significant differences may influence the outcomes of this study. Previous studies have reported that the higher the baseline AHI, the higher percentage mandibular protrusion required for a successful treatment outcome. 8, 28, 31, 32 However, when evaluating the percentage of protrusion in both MAD groups, no significant differences were observed between the TAP and SomnoDent group.
Also, a significant difference in follow-up AHI after 2 to 3 months was observed between the SomnoDent versus the TAP group. This phenomenon may have resulted from the difference in oral appliance design. The TAP appliance has a fixed screw mechanism in the front that is associated with minimal mouth opening possibility. The SomnoDent appliance consists of two separate parts that allow for mouth opening as a result of autorotation of the mandible during sleep. This phenomenon may explain why the AHI after 2 to 3 months was on average significantly higher in the SomnoDent group. In addition, this may also explain why fewer dental side effects were observed in the SomnoDent group. The autorotation of the mandible during sleep could have resulted in less force transmitted to the teeth, resulting in fewer dental side effects.
In the current study a significant decrease in the number of occlusal contact points was seen in the (pre)molar region. This phenomenon was not only observed in both MAD groups, but also in the CPAP group. As demonstrated previously, a Dental Side Effects of Long-Term OSA Treatment-Venema et al. decrease in overjet and overbite may result from long-term MAD therapy. 20, 21, 25, 27, 29, 30 As a result of this phenomenon fewer contact points may occur with long-term MAD use. 25, 29, 36 However, this does not explain the difference in occlusal contact points with long-term CPAP therapy. CPAP therapy does not protrude the mandible. However, changes in the number of occlusal contact points in the CPAP group may also occur as a result of a tight fitting and therefore large pressure of the nasal mask on the frontal part of the maxilla, which may result in a retroinclination of the maxillary incisors. 37 Because of this phenomenon a slight autorotation of the mandible may occur, which explains the alteration in number of occlusal contact points. 20, 21, 25, 27, 29, 30 All analyses in the current study were manually done by the same observer on dental plaster casts. We used this methodology because it was in line with the previously performed study by Doff et al. 29 All measurements were done three times by the same observer. Mean values of the second and third measurement were used for further analysis. A previously performed randomized clinical trial has shown that manual model analysis has the same methodological accuracy as digital model analysis. 38 We believe these aspects have minimalized the margin of error in the current study.
MAD and CPAP therapy is usually considered a lifelong requisite. With that in mind side effects are important to monitor. In the current study a significant decrease is seen in a number of occlusal contact points, overbite, overjet, and anterior-posterior movement, not only in the MAD groups but also in the CPAP group. In the TAP group an association was observed between the decrease in overbite and the percentage of mandibular protrusion. This correlation was not observed in the SomnoDent group. In the TAP group the percentage of mandibular protrusion was obtained from every patient, whereas in the SomnoDent group, in one-third of the patients, the data on mandibular protrusion were missing. This may explain why a significant correlation, between changes in dental occlusion and the percentage mandibular protrusion in the SomnoDent group, was not observed.
When the delta overjet was compared between the different treatment modalities, a significant difference was observed between the TAP and SomnoDent group and between the TAP and CPAP group, respectively. A similar phenomenon was observed with anterior-posterior movement. From these observations it appears that the three treatment modalities result in changes in the overjet and anterior posterior movement of the mandible, which are less pronounced in the SomnoDent and CPAP group. Furthermore, a more pronounced mesial movement in occlusion was observed in the SomnoDent and the TAP groups, respectively, when compared to the CPAP group. In the MAD group, more patients shifted from an Angle Class I to III occlusion or from an Angle Class II to I or III occlusion. It must be mentioned that data on mandibular protrusion were missing in a substantial proportion of the patients in the SomnoDent group. This fact hampers robust conclusions on this phenomenon.
When the results from the current study are compared with those of previous studies, similar changes in dental occlusion, as a result of long-term MAD therapy, have been observed. Some studies describe a change in overbite and overjet, 20, 21, 25, 27, 30, 39 whereas others observe a change in anteriorposterior movement. 33, 40 However, not all studies found significant changes in overbite and overjet with long-term MAD therapy. 39 These differences in changes in overbite and overjet between different studies might, in addition to other variables, be explained by differences in MAD design. The MADs evaluated in the current study had a full arch coverage, whereas in the study of Ringqvist et al. 39 the MAD only covered the (pre) molars. This might result in less force on the frontal part of the dental arches, resulting in fewer changes in overbite and overjet.
The observed differences between the TAP and SomnoDent group could be explained by the difference in mechanism contacting the upper and lower jaw. With the TAP, a fixed screw in the frontal part of the upper appliance connects both parts of the appliance. In the case of the SomnoDent, this is accomplished by two stabilizing blocks in the (pre)molar region of the upper appliance. It could be hypothesized that with the TAP relatively more force is applied to the frontal part of the upper and lower dental arches. This phenomenon may partly explain the difference in delta overbite and delta overjet and anterior-posterior movement between the two groups. In addition, the materials from which the appliances are made may also explain the observed differences in delta overbite and delta overjet between both appliances. The TAP was made of hard acrylic, whereas the SomnoDent consisted of hard acrylic on the outside with a soft lining on the inside of the appliance. It could be hypothesized that as a result of the latter feature, less force is transferred to the individual teeth resulting in less changes in overbite and overjet. However, because data on mandibular protrusion were missing in a substantial proportion of patients in the SomnoDent group, differences between both MAD groups in this variable may also explain the observed difference in dental changes. Definite conclusions on the effect of appliance design on changes in dental occlusion can therefore not be drawn based on the data from this study. In addition, other factors such as periodontal health and vertical skeletal characteristics were not taken into account and could also be responsible for the observed differences. The correlation we observed between the baseline AHI and the amount of mandibular protrusion following titration of the appliances has been described before. A higher baseline AHI requires more mandibular protrusion to reach a successful treatment outcome. 8, 28, 31, 32 However, it is likely that an increased amount of mandibular protrusion will also result in more dental side effects. 8, 24, 33 In this study a significant difference was observed in baseline AHI between the TAP and SomnoDent appliance, with the TAP group having a higher baseline AHI. However, the percentage of mandibular protrusion did not correlate with the baseline AHI in both MAD groups. This may have been the result of the relative small sample size of both MAD groups.
The changes in transverse relation were not pronounced in the current study in all three treatment groups. Therefore, MAD or CPAP therapy does not appear to have a significant effect on the transverse relationships in the maxillary and mandibular dental arches. This may be explained by the fact that the force of both a MAD and a CPAP mask is mainly applied on the frontal aspect of the dental arches, which has few effects on transverse relationships.
Another aspect requiring discussion is the effect of treatment on the Angle classification. In the previous study by Doff et al., changes in Angle classification were observed. 29 A mesial shift of the lower dental arch relative to the upper dental arch was generally observed. However, not all occlusal changes should be regarded as negative changes. The most favorable occlusal pattern for patients is an Angle Class I occlusion. 35 It could be unfavorable to change an Angle Class I occlusion into an Angle Class III occlusion. However, when a patient starts with an Angle Class II occlusion and the lower arch shifts forward resulting in an Angle Class I occlusion, these changes may be regarded as favorable. Previous research regarding long-term side effects of a MAD observed that the orthodontic side effects could be classified as "favorable" in 41% of patients. 30 In the current study no Angle Class change was observed in 91% of the molar measurements and in 89% of the cuspid measurements of the SomnoDent group. However, in the study of Almeida et al., including 70 patients, no changes in the Angle Class were observed only in 14% of patients. 30 These differences may be explained by the followup period which was 2 years in the current study and 7.4 years in the study by Almeida et al. 30 In addition, because we do not know how progressive these changes are, no changes in dental occlusion should always be preferred over "favorable" changes in dental occlusion.
Finally, it is important to use a strict selection procedure when selecting patients for a MAD. First, dental health has to be adequate and, second, enough healthy teeth have to be present in order to stabilize the appliance. Therefore the possible dental changes will be kept to a minimum. It is important that dental practitioners pay attention to possible dental changes with MAD therapy. If these changes are unfavorable or too prominent, an alternative intervention must be considered. Conversely, it should also be noted that CPAP, over the long term, may also result in similar changes in the dental occlusion.
It must be kept in mind that OSA is a sleep-related breathing disorder that usually requires lifelong treatment. Therefore, it is important to pay attention to the therapeutic side effects with long-term CPAP or MAD use. Within the limitations of the current study we observed that TAP and SomnoDent as well as CPAP therapy resulted in significant dental changes with long-term use. Changes in overjet and anterior-posterior movement as a result of the SomnoDent and CPAP therapy appear to be less pronounced when compared with the TAP group. Specific features in oral appliance design may therefore affect the extent of changes in dental occlusion. However, other factors such as periodontal health and vertical skeletal characteristics were not taken into account and could also be responsible for the observed differences. It should also be noted that AHI reductions in the SomnoDent group were also significantly less than in the other two groups. Nevertheless, it is important to pay attention to possible dental side effects during MAD therapy. Before treatment, patients should be informed about the possible dental changes and they should be subjected to a strict examination.
